In major cities around the world, urbanization and rising land prices have been driving an increase in real estate development adjacent to, and above in many cases, railway lines and other transportation corridors. Structure-borne sound and vibrations from traffic can be are annoying to human occupants; if high, they can also be disruptive to operation of manufacturing facilities, medical facilities, and research laboratories. As awareness of structure-borne sound and vibration issues grow among owners, designers, and building occupants, there is a corresponding increase in demand for cost effective sound and vibration predictions and mitigation. This research describes the development and verification of an analytical model of vibration transmission in an existing four-story building in Boston that is based on the floor and column impedances where they are attached. Using geometric properties, the authors defined the dynamic behavior of the test structure in terms of column impedances (modeled as finite, wave propagating rods) and floor impedances (modeled as energy dissipating, infinite plates). Researchers performed impact hammer tests as means of verifying the floor impedances, and also collected shaker and train-induced vibration measurements near the test column. The authors highlight several aspects of this modeling approach, and discuss the effectiveness of using this approach to predict the vibration response of buildings subject to ground-borne vibrations.
INTRODUCTION
Structure-borne sound and vibrations from transportation systems are an inevitable part of the modern society today. Increasing urban population and rising land prices have been driving an increase in real estate development adjacent to, and above transportation corridors. Precision manufacturing facilities, medical facilities, and research laboratories house vibration sensitive equipment and require low noise environments. Human comfort in the form of feelable vibrations and audible noise in residential and office buildings is also of prime concern. Hence, there is a growing need for cost effective sound and vibration predictions to evaluate the need for mitigation. If designers can predict the vibration response of buildings with
IMPEDANCE MODEL
Impedance represents stiffness, mass and damping properties of a dynamic system. The finite column segment between floors is represented as impedances at the top and bottom of the column and the impedance of the floor slabs are included at the junction between column segments above and below. The impedance-based prediction modeling developed by Sanayei et al. (2008) , representing a single column and the connected floors, was used to simulate the dynamic behavior of the test building and predict floor responses to shaker and train-induced excitations applied at opposite ends of a column. A summary of the impedance-based modeling concept and the associated wave propagation equations that are considered in this paper are presented in this section for completeness.
The finite column segment between floors is represented as impedances at the top and bottom of the column and the impedance of the infinite floor slabs are included at the junction between columns above and below. Previous research has shown that axial wave transmission in columns is the dominant mode of ground-borne vibration transmission to upper floors of the building in comparison to other transmission wave types (bending and torsion). Hence the analysis presented here is limited to vertical transmission of axial waves in the column.
The dynamic stiffness matrix associated with an axial wave propagating in a column, and representing stiffness, mass, and damping of the column is given by Eq. (1).
Where, L is the length of the column segment, A is the cross-sectional area the column, is the driving frequency, is the wave number defined in Cremer et al. (1988) in terms of the wave speed, c and material density, and given by; cE ω ρ βω == Where,
Where, is the complex modulus of elasticity of the column, E is modulus of elasticity of the column and is the material loss factor.
Axial vibration in the columns is transmitted into an attached floor as transverse vibration in bending. The axial harmonic load transmitted through the column is transferred as harmonic point load to the floors which are modeled as thin infinite plates, per Kirchhoff plate theory. Thin infinite plates are resistive in nature and carry energy away from the driving point at the column interface. This resistance, referred to as the driving point impedance, is defined by Cremer et al. (1988) in Eq. (2) 8 zD h =ρ (2) Where, is the slab material density, h is the slab thickness and D is the bending stiffness of the slab given by Eq. (3). 
Where, is the Poisson's ratio and is the complex modulus of elasticity of the slab. The dynamic mass of the floor given by Eq. (4), depends on the driving frequency, .
The simplified one-column impedance model for the test building consists of four axial degrees of freedom, one per floor in the vertical direction. The dynamic stiffness matrices of the column elements, Eq. (1), are assembled into global matrix [K] and the dynamic mass of the floors, Eq. (4), are assembled into global matrix [M] .The stiffness and mass matrices depend on the driving frequency. The excitation is represented by load vector {F} and the steady state response of the system is shown as {U}. The system relationship given by Clough (2003) is represented by Eq. (5).
The frequency dependent load vector {F}represents the axial forces at the ends of the column segment corresponding to the axial degrees of freedom considered and is comprised of a non-zero external force at the column top for shaker-induced excitations, or the same at the column base for train-induced excitations. In both cases, no external forces act on the other, non-input floors. The stiffness and the mass matrices depend on the driving frequency and the frequency dependent steady state response for all floors and the corresponding velocity given by Eq. (6). For shaker-induced vibrations, floor vibration velocity ratios expressed in decibels for each floor were calculated relative to the floor with applied load. Using velocity ratios avoids any ill effects caused by windowing and normalization ensures a valid comparison between the measured and the predicted scenarios. For train-induced vibrations, if the forces at the column base are known, the frequency dependent response is determined using Eq. (6). In the case of measured accelerations at the column base, velocity ratios established between various floors with reference to the base are used in conjunction with the measured floor velocity at the column base to predict the floor velocity at each floor.
TEST STRUCTURE
Researchers selected a four-story building in Boston, Massachusetts to develop and verify the predictive capability of the impedance-based analytical model. The test structure is a convention center with large open halls and a limited number of partition walls. The open floors with few partition walls mean that vertical transmission of vibrations is mainly limited to vibrations in columns, making this structure an ideal candidate for modeling with a simplified impedance model. The building, originally constructed in the 1960's and substantially renovated in the 1980's, contains a mix of concrete and steel-frame construction, one-way slabs on wide-flange beams and two-way waffle slabs. The main structural columns are located on a square grid of size 9.144 m (30 ft). Four floors of the building were considered for the test plan and identified from bottom to top as loading dock, plaza floor, second floor, and third floor as shown in Figure 1 . Two tracks of the commuter rail line pass through the building in a tunnel at the loading dock level. Detailed information is presented in Kayiparambil P. (2013) Researchers identified a column both near the train tracks, and far enough away from masonry partition walls and slab openings. The proximity to the tracks would ensure strong, distinguishable train-induced excitations, and the distance from walls and slab openings would simplify modeling techniques. The selected column starts at the loading dock level and is founded on a pile cap supported by four steel-encased concrete, end bearing piles. The column terminates at the third floor level, which allowed access to the top of the column for shaker-induced axial vibration input.
Modeling of composite columns. The chosen column consists of three finite segments between the four floors. The lower two segments are reinforced concrete and the third upper segment is steel section encased in concrete, hence a composite column model is considered for these segments. The vertical axial vibrations are assumed to be uniform across the cross-section of the composite column with the concrete and steel portions experiencing the same axial motion corresponding to the vertical vibrations with no shear slippage occurring between them. The dynamic stiffness of a column defined in Eq. (1) depends on the material wave speed and the area density of the column. Hence an equivalent wave speed, c eq and equivalent area density, ( A) eq are considered for the composite column cross-sections; Where, density of rebar or steel section is s , density of concrete is c , cross-sectional area of steel is A s , cross-sectional area of concrete is A c , complex elastic modulus of rebar or steel section is s and complex elastic modulus of concrete is s .
Modeling of composite floors. The plaza and second floor have concrete waffle slab construction and the third floor has a composite slab with light-weight concrete over metal decking, supported on a grid of steel beams and girders. Hence, composite slab models are considered for these floors. The impedance of the floor slab for bending deformation, z defined in Eq. (2) and the bending stiffness of the slab, D defined in Eq. (3) can also be respectively represented as shown below in Eq. (7),
Where, h k and h m are respectively the slab thickness considering an equivalent homogeneous flat plate with the same plate bending stiffness and thickness considering an equivalent mass of the actual composite slab. The loading dock floor, a structural slab-on-grade, can be represented as a uniform flat slab. For other floors an equivalent flat slab thicknesses h k and h m were computed using the CRSI design handbook (2008) and the sectional properties of the slab. Table 1 and Table 2 summarize the properties of relevant structural elements of the building which serve as building blocks for the impedance model. In Table 1 , all three column segments have the same gross cross-sectional area with different reinforcement content. The waffle slabs are normal weight concrete and the third floor is lightweight concrete over metal decking. In these tables LD is abbreviation for Loading dock, PL is Plaza level, SF is Second floor, and TF is Third floor. Where, is the Poisson's ratio of the material, E is the modulus of elasticity of the material, is the density of the material and is the material loss factor.
Measurement of floor impedance. Floor impedances calculated using Eq. (2) and Eq. (7) were verified by performing impact hammer tests on each floor level. Impact hammer tests measured accelerance, which is acceleration response divided by the applied force. Impact tests were performed away from column locations and also away from beam and girder locations (at the third floor) in order to isolate the characteristics of the floor slab. The accelerance plots computed analytically fairly replicated the measured accelerance plots on the corresponding floors. Hence the idealized constant impedance of these floors is utilized in the impedance model to represent the floor behavior. Detailed results are presented in Sanayei et al. (2014) 
SHAKER-INDUCED FLOOR VIBRATION PREDICTIONS USING IMPEDANCE MODEL
While train-induced vibrations are realistic, they do not originate from a source that can be controlled or quantified easily. Also, it was not practically possible to measure the input axial force at the base of the column. For this reason, an APS dynamics Model 400 Electro series shaker capable of generating harmonic excitations for a range of discrete frequencies was used to excite the structure at a location directly above the test column on the third floor. The behavior of the building was investigated by capturing the steady state response of the structure using an array of transducers located adjacent to the test column on each floor as shown in Figure 1 .
An accelerometer attached to the shaker armature measures the acceleration of the moving mass. The force applied to the floor is equal to the mass of the moving armature times its acceleration. The shaker-induced vibration test comprised of four stepped sine sweep cycles, dwelling at specified frequencies between 2 to 300 Hz to reach steady state. Improved coherence is obtained by the use of stepped sine sweep cycles as the entire shaker force is at a single frequency. Each floor response measurements were analyzed individually. The time history for a single dwell was extracted from the complete time record, windowed using hanning window with a fifty percent overlap and processed to obtain the power spectrum. The maximum amplitude of the power spectrum obtained for each dwell plateau corresponds to the response at the dwell frequency. The amplitude of the power spectrum was converted to acceleration and then to the corresponding floor vibration velocity.
The impedance-based analytical model of the test building described earlier was used to predict shaker-induced floor vibrations, with the shaker force applied to the column model at the top of the column. The shaker-induced excitations originate from the column top on the third floor and propagate towards the ground. The steady state response of the system subjected to a harmonic excitation at a particular frequency is evaluated using Eq. (6). The floor vibration velocity ratios with reference to the third floor measurements are expressed in decibels for each floor.
For the case of shaker-induced excitations, axial stiffness and mass of the foundation system (pile cap and piles) represents the boundary condition at the column base in the impedance model. The piles below the column in the real building are driven 45m to the bed rock level. The force due to the shaker-induced excitation is not significantly high to engage the complete length of the pile. Based on engineering judgment and study of various scenarios using the impedance model, partial length of the steel-encased concrete piles (7.3m) and the complete pile cap were considered to contribute to the axial stiffness and mass at the column base for the given excitation conditions. The estimated foundation stiffness and mass are added to the first elements of the global system matrices [K] and [M] in Eq. (5) to represent the boundary conditions at the column base in the impedance model. Impact hammer test performed on the third floor at a location exactly above the test column, revealed the presence of a local soft stiffness condition. The stiffness floor velocity ratios clearly shows the capability of the impedance-based wave propagation model to predict the floor velocities observed in the actual building.
Figure 1. Shaker test setup
The impedance-based analytical model corresponding to shaker-induced excitations considers two additional factors which are based on interpretation of the structural behavior and engineering judgment. Firstly the degree of freedom at the base of the test column, where the impedance of the foundation system could not be measured with accuracy, a stiffness and mass was assumed to represent the foundation system. Secondly the local soft stiffness condition observed between the second floor column and the third floor slab, which could not be quantified exactly. Stiffness corresponding to a possible construction detail assumed to replicate the shaker-induced vibration test results was considered in the impedance model. These two factors influence the shaker-induced floor vibration predictions using the impedance model and may be responsible for the deviations observed between the predictions and the measurements. However, an exact reason for the difference between the predictions and the measurements was not found.
TRAIN-INDUCED VIBRATION MEASUREMENTS IN THE BUILDING
Train-induced floor vibrations were measured to study the characteristics of the train-induced excitation at the base of the building and its propagation to higher floors. Vibrations were measured simultaneously on all floors using an array of transducers installed adjacent to the test column. These measured vibrations were used to validate the impedance modeling assumptions and to verify the prediction model developed in this research.
Train pass-bys were transient events varying from 15 to 25 seconds. The recorded time history was processed considering the peak amplitude value at each frequency for the envelope of the spectra using one second data segments. This method is termed as "peak hold" analysis. The amplitude of the power spectrum was converted to acceleration amplitude and then to the corresponding floor vibration velocity in decibel scale using a reference velocity of 1x10-8 m/s recommended by FTA (2006) . FTA also recommends one-third octave band frequency spectrum to represent the detailed analysis of building response and performance of vibration mitigation methods. The mean of the processed vibration amplitudes from five train passage events was considered as the measured floor vibration velocity on each floor. The important part of the train-induced vibration spectrum measured at the base of the test column was found to lie between 30 to 200 Hz with a broad peak around 50 Hz.
A statistical analysis performed on the vibrations measured due to a train passage event, on the same floor at two adjacent column locations indicated that the measurements are statistically independent, validating the single-column mathematical impedance model to represent the test building.
TRAIN-INDUCED FLOOR VIBRATION PREDICTIONS USING IMPEDANCE MODEL
The train-induced measurements recorded at the base of the test column serve as the source of vibration input for validation of the impedance model considered in this research. Measurement of the actual force due to train-induced excitation at the base of the test column was not practically feasible. Hence, vibration relationship between floors in the impedance model was established by the application of a unit harmonic load at the foundation level. The relative vibration velocity levels (velocity ratios w.r.t. the base) obtained were used to predict the train-induced vibrations on upper floors by multiplying them with the train-induced vibration measured on the lowermost floor at the base of the column. The ambient vibration measurements, measured train-induced floor vibration velocities and the corresponding predictions from the impedance model are superimposed in Figure 3 . High signal to noise ratio observed for the train-induced vibration measurements indicate robust measurements in the tested frequency range. Comparison of the measured floor vibrations levels below 50 Hz at all floors reveal similar amplitudes, indicating that the higher floors have the same motion as occurred at the column base. A reasonably good match is also observed between the predictions and measurements on higher floors in this frequency range. Above 50 Hz, the floor vibration predictions on higher floors tend to deviate from the corresponding measurements. In the impedance model, the resonant behavior of the columns was observed at 70 Hz and above. A difference in interpretation of the actual behavior of the composite columns would in turn affect the floor vibration predictions and may have been a possible reason for the deviation in the predictions observed at higher frequencies. Overall, the reasonable match observed between the predictions and the measured floor velocities in the frequency range of interest clearly shows the capability of the impedance-based analytical model to predict the floor vibration velocities of the real building subjected to train-induced excitations.
PRACTICAL APPLICATIONS OF IMPEDANCE MODELLING
For a building located close to a train-induced vibration source, impedance modeling can offer a simplified and computationally efficient approach to predict vibration levels at various floors with reasonable accuracy. For a target area of interest in the building, only column and floor dimensions, material properties, boundary conditions and vibration measurements at the base of the column are required to assemble the impedance model of the test building. The impedance model can also be used in existing buildings for studying retrofit scenarios and for comparison of different design alternatives to mitigate ground-borne floor vibrations. For new buildings impedance modeling has the potential to predict train-induced floor vibrations based on open field measurements. The authors acknowledge the results shown by Sanayei et al (2013) that open field measurements somewhat differ from the actual vibration levels that would be observed at the grade slab level after the building has been constructed. The vibrations at the base of a column in the constructed building would also be influenced by the column and foundation system.
In general building owners are interested in prediction of floor vibrations anywhere out on the floors in addition to locations near columns. Train-induced vibration predictions using the impedance model are obtained for a floor at a location near the column. The total response of the floor is a sum of incoherent contributions from individual columns surrounding the floor. The total response at an arbitrary point on the floor can be obtained by considering the sum of the vibration energy contributions from individual columns. The transfer functions between the point on the floor and the nearest four columns are multiplied with the response measured at the respective column locations and the vibration energy contributions can be summed up in terms of mean square responses. For existing buildings, the transfer function can be estimated using impact hammer tests on the floor. In design phase, closed form transfer function of floors can be used.
CONCLUSIONS
An impedance-based analytical model was used to simulate the dynamic behavior of a four-story full-scale building and to predict the floor responses due to shakerinduced and train-induced vibration sources. The predictions were compared to the measured building responses.
The following conclusions have been made from the findings of the research presented in this paper:
